ABSTRACT: Graphene has many claims to fame: it is the thinnest possible membrane, it has unique electronic and excellent mechanical properties, and it provides the perfect model structure for studying materials science at the atomic level. However, for many practical studies and applications the ordered hexagon arrangement of carbon atoms in graphene is not directly suitable. Here, we show that the atoms can be locally either removed or rearranged into a random pattern of polygons using a focused ion beam (FIB). The atomic structure of the disordered regions is confirmed with atomic-resolution scanning transmission electron microscopy images. These structural modifications can be made on macroscopic scales with a spatial resolution determined only by the size of the ion beam. With just one processing step, three types of structures can be defined within a graphene layer: chemically inert graphene, chemically active amorphous 2D carbon, and empty areas. This, along with the changes in properties, gives promise that FIB patterning of graphene will open the way for creating all-carbon heterostructures to be used in fields ranging from nanoelectronics and chemical sensing to composite materials.
G raphene has received enormous attention since its introduction a decade ago. 1 Because of its two-dimensional (2D) nature, all atoms in graphene are directly exposed to external interactions through electric and magnetic fields or via chemical and physical processes. This provides a great opportunity for engineering its properties. It is well understood 2 that a controlled rearrangement of the atoms in graphene from the honeycomb pattern into other structures will affect the electronic properties of the material (for example, by introducing a band gap due to scattering of charge carriers 3 ) and increase its chemical reactivity. 4 Also, nanocrystalline graphene manufactured from self-assembled molecular monolayers has been shown to be insulating 5 indicating the wide range of electronic properties accessible via manipulation of graphene. However, the considerable challenge of manipulating the atomic structure of a 2D object has so far limited the number of studies on this topic.
Perhaps the most versatile method for the manipulation of materials today is ion irradiation. Its application on the nanoscale, however, requires developing a detailed atomic level understanding on irradiation effects. This is because methods for estimating ion irradiation effects in bulk materials can rarely be directly used for low-dimensional structures, 6 and the optimal irradiation parameters change drastically from bulk to nanomaterials. For example, ion implantation of graphene only becomes possible when the energies are reduced to less than 100 eV, 7−9 which is orders of magnitude lower than in a typical implantation process.
Until now, only rarely has any atomic-level information been obtained for ion irradiation of 2D materials, either through atomistic simulations 6,7,10,11,13−15 or via direct atomic-scale imaging of resulting point defects. 9,16−20 Instead, many studies have used nonlocal methods such as Raman spectroscopy to analyze the disorder. 21−28 Also, in most studies the irradiated structure was the interface between graphene and a substrate rather than suspended graphene. In this case, the underlying material always contributes to the observed changes.
13−15 So far, on SiO 2 substrate, a transition from pristine graphene through a nanocrystallite structure into an amorphous material has been indirectly observed following Ga + ion irradiation at 30 keV. 22 This is similar to what has been found during 100 keV electron irradiation of suspended graphene. 29, 30 Also the effect of swift heavy ion irradiation at grazing angles has been studied with graphene on a substrate. 31, 32 A recent study explored defects created via irradiation of suspended graphene with 30 keV He + ions. At an angle of 30°, which was used in the study, such irradiation has been predicted to produce almost exclusively single vacancies. 10 Correspondingly, even at a fluence of ∼10 16 ions/cm 2 , mostly individual point defects were observed.
Here, we show that perpendicular irradiation with a focused beam of Ga + ions at 35 keV results in amorphization of suspended graphene at a dose of about 3.1 × 10 15 ions/cm 2 . Doses three times as high lead to perforation of the membrane, allowing its use, for example, as the thinnest possible beam splitter for matter-wave interferometry. 33 As shown via atomicresolution scanning transmission electron microscopy (STEM) medium angle angular dark field (MAADF) images, the amorphous areas remain two-dimensional and consist of a variety of carbon rings with sizes ranging from five to nine atoms (with occasional pores) and are similar to the amorphous 2D carbon structure created with electron irradiation of graphene. 29, 30 In contrast to transmission electron microscopy (TEM), focused ion beam (FIB) processing can be easily done for areas encompassing square millimeters. With the parameters used in this study, it allows writing pores and amorphized areas into graphene with spatial accuracy down to 35 nm.
The patterns were written into single-layer graphene that was grown via chemical vapor deposition and suspended on a holey SiN x substrate, using a focused beam of Ga + ions with an energy of 35 keV. The substrate contains an array of circular holes that each have a diameter of about 2.5 μm, over which the graphene is suspended. Figure 1a shows an overview scanning electron microscopy (SEM) image of one pattern. A higher magnification TEM image of a pattern written on another sample with a higher dose of Ga + is shown in Figure 1b . While the low-dose irradiation has not perforated the graphene, the higher dose has resulted in an array of holes.
To study the structure of the patterned areas at a smaller scale, we used STEM-MAADF imaging with the Nion UltraSTEM 100 34 microscope at 60 kV. The combination of the low acceleration voltage and ultrahigh vacuum (10 −9 mbar at the sample) ensures that no beam-induced damage will occur even at the irradiated areas, although the kinetic energy of the imaging electrons still suffices to rotate bonds at defects in graphene.
20, 35 An overview STEM-MAADF image of a pattern written with the lower dose is shown in Figure 1c . The image in Figure 1d shows a closer view of another low-dose region, which allows measuring the width of the written structures ( Figure 1e ) to be about 35 nm. This corresponds to the estimated beam size of 20−30 nm of the FIB. The same image also shows that the hydrocarbon contamination on top of graphene is continuous over the pattern and has a similar appearance everywhere. This can be seen in Figure 1f , where a blurred version of the image is subtracted from the original image to bring out the contamination pattern, which at this length scale looks like noise. However, the small dark areas actually correspond to areas where noncontaminated parts of the sample were found. 
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Letter Contamination is one of the hardest challenges in working with suspended graphene membranes. In our case, the situation is further worsened by the additional deposition of contamination that occurs during SEM imaging. However, a small fraction of the sample surface remained clean enough to image the atomic structure. Atomic resolution images of the irradiated but not perforated areas are shown in Figure 2a −c and pristine graphene in the nonpatterned part of the same hole in Figure  2d . In every clean area of the irradiated graphene, we found nonhexagonal carbon rings indicating irradiation-induced structural changes with occasional Si atoms incorporated into the nonhexagonal rings (see Figure 2a) . Analysis of all of the imaged amorphized areas resulted in the following fractions for the different ring sizes: (5) 22.5%, (6) 63.2%, (7) 13.1%, (8) 0.9%, and (9) 0.4% (in total 818 rings were identified from the images). As in ref 30 , we define the crystallinity as the number of hexagons divided by the total number of rings. In the present irradiated material, a crystallinity of 63% is found, while in ref 30 it was 51%. Hence, the amorphization here is close but not quite as strong as in ref 30 although the material is already a random network structure with no nanometer-scale crystalline areas.
A rough estimation for the number of carbon atoms removed from the amorphized areas during ion irradiation can be obtained from the ratios of average intensities (irradiated versus nonirradiated area) in annular dark field images (with background subtracted). This yields a ratio of 91%, which indicates that the amorphized areas have approximately 9% density deficit as compared to pristine graphene. Comparing this number with earlier estimations of electron irradiationamorphization of graphene 30 shows that such deficit is close to the completely disordered material, as is consistent with our atomic-resolution images. It is also an almost exact match with the density deficit at which the electron-beam-amorphized graphene has a crystallinity value of about 63% 30 (the value calculated above for the current material). This serves as an independent validation for the estimated 9% density deficit.
The ). Ion beam effects for bulk materials are typically estimated based on the concept of stopping power. In the case of 35 keV Ga + irradiation of a carbon material, the nuclear stopping power is estimated to be 142 eV/Å and the electronic stopping power 24 eV/Å. 37 For a dose of 31 ions/nm 2 , such deposited energy is orders of magnitude more than what is needed to completely disintegrate a single layer of graphene. So, clearly this approach is not directly useful for 2D materials. A better understanding can be reached through a binary collision approximation. Numerical estimate using an empirical repulsive potential 38 leads to a limiting impact parameter of 0.83 Å for a collision that transfers enough kinetic energy from a 35 keV Ga + ion to a carbon atom to cause a displacement in graphene (about 23 eV 39 ). This is more than half of the bond length in graphene and corresponds to a probability of 83% for an ion to displace at least one of the target atoms, taking into account the area each carbon atom occupies in the graphene lattice.
Atomistic simulations 6 predict that under our experimental conditions defects will be created with a ratio of approximately 1:1:2 for single vacancies, amorphization events (no atoms sputtered), and complex vacancies (more than one atom sputtered), respectively. The calculated sputtering yield is about 0.55 atoms/ion, which is somewhat lower than what could be expected from the binary collision estimate. This is consistent with the assumption that for perpendicular irradiation the atoms are typically scattered in the plane and not necessarily removed from it. For a more accurate estimate of the number of sputtered atoms, we need to take into account the increasing vacancy concentration in the structure during irradiation, 11 which leads to an approximation formula for low vacancy concentrations
where ϕ is the irradiation dose (ions/nm 2 ), n ≈ 38.2 atoms/ nm 2 the density of graphene, Y 0 ≈ 0.55 sputtering yield at c v = 0 and γ a constant that can be obtained through simulations. 11 On the basis of data for Ar + and Xe + irradiation at 30 keV, γ can be expected to be between 0.5 and 0.8 for Ga + irradiation of graphene at 35 keV. For γ = 0.65, we get c v (ϕ am ) ≈ 35% and c v (ϕ cut ) > 70%. In contrast to 35% density deficit in the amorphized structure, the two independent estimates described above yielded a value of 9%. This discrepancy is most likely caused by the increased chemical reactivity of vacancies that attract carbon (and occasionally silicon) atoms from the contamination.
The ultrahigh vacuum column of the microscope reduces chemical etching to practically zero, simplifying the analysis of dynamical processes. However, at the same time all beneficial chemical reactions due to water (and other) molecules cracked by the imaging electrons, which could reduce the hydrocarbon contamination, are also prevented. To test both how the contamination is bound to the graphene and how amorphization affects the chemical inertness of graphene, we let air into the microscope column after initial imaging by opening a leak valve. We exposed the structure to a parallel electron beam while increasing the pressure in the objective from 5.3 × 10 −9 to 1.1 × 10 −6 mbar over an hour. The results of this treatment are shown in Figure 3 . The contamination decreased dramatically and several clean areas appeared in the nonirradiated area of the sample, whereas holes grew in the irradiated areas. This demonstrates that controlled amorphization of graphene will activate it chemically. Because we were able to clean parts of the contamination, it cannot be covalently bound to the sample. Therefore, one possible way to overcome the contamination problem could be high-temperature vacuum annealing, which can be expected to remove most of the floating hydrocarbons.
As a conclusion, we have shown that the regular hexagon pattern of single-layer graphene can be selectively either sputtered or transformed into a random pattern of polygons ranging from pentagons to octagons and nine-membered carbon rings in a controlled manner using a focused Ga + ion beam at 35 keV. This allows defining three different kinds of areas into a graphene layer with just one processing step with the FIB: chemically inert highly conductive graphene, chemically active, presumably less conductive, amorphous 2D carbon, and empty holes. The smallest demonstrated feature size was about 35 nm. A dose of ϕ am ≈ 30 ions/nm 2 was found to nearly completely amorphize graphene, whereas ϕ cut ≈ 100 ions/nm 2 leads to its perforation. The amorphous areas showed a density deficit of about 9% in discrepancy with an expected value of about 35%. This discrepancy is likely due to filling of the vacancies from the hydrocarbon contamination covering the graphene sheet. This point is supported by the observation of Si atoms immersed into the defected structures. The amorphized regions have a crystallinity value of 63%. The chemical activation gives promise to the application of selectively amorphized graphene in fields ranging from chemical sensing 4 to functionalized membranes and composite materials, while the predicted introduction of a band gap 3 allows their utilization in all-carbon electronics.
Methods. Samples. We used commercial single-layer graphene samples (Ted Pella Inc., Redding/CA 21712-5 PELCO) grown with chemical vapor deposition and deposited on SiN x transmission electron microscopy grids with a regular pattern of holes with an approximate diameter of 2.5 μm.
Focused Ion Beam. Fully and partially sputtered areas were written on different single-layer graphene samples using a focused beam of 35 keV Ga + ions (Raith Ionline FIB). The beam size was approximately 20−30 nm, and the writing was performed in a linelike fashion with a step size of 1 nm and a dwell time of 0.0179 ms for the partially sputtered areas, which 
Letter were later confirmed to be amorphized. The corresponding line dose was 1240 pC/cm. For fully sputtered areas, the dose was 3800 pC/cm (dwell time of 0.0482 ms). For the sample with the lower dose, a pattern of 27 × 6 slits, each 500 nm long, and separated 100 nm from each other, was designed to completely cover the 2.5 μm substrate holes in an area fully covered by graphene. This pattern was duplicated with the same hexagonal periodicity as the circular holes. The whole pattern was milled into the holes by taking a FIB image of a 30 × 30 μm 2 area covered with graphene (with as short as possible exposure to the beam to avoid additional damage to the graphene) and fitting the pattern onto the holes. Milling such a pattern takes about 1 min.
Electron Microscopy. The SEM image in Figure 1a was recorded with Jeol 6700F SEM and the TEM image in Figure  1b with a table top Delong Instruments LVEM5 microscope. High-resolution imaging was carried out with a Nion UltraSTEM 100. The device is equipped with a cold field emission gun, which was operated at 60 kV in ultrahigh vacuum (5.3 × 10 −9 mbar at the sample). A medium angle annular darkfield detector was used to record the images. At the end of the experiment, we let air into the microscope column under a parallel electron beam to partially remove the contamination and to test the chemical reactivity. The pressure was increased over a period of an hour to 1.1 × 10 −6 mbar. In nonirradiated areas, this procedure uncovered pristine graphene. In the amorphized parts, the chemical processes lead additionally to the appearance of pores.
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